1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Anal Chem. 2008 February 1; 80(3): 713-720.

Global Amine and Acid Functional Group Modification of Proteins

Casey J. KrusemarkT, Jonathan T. Fergusoni, Craig D. Wengeri, Neil L. KeIIeheri, and Peter
J. Belshaw™ 1.8

Departments of Biochemistry and Chemistry, University of Wisconsin—Madison, Madison,
Wisconsin 53706, and Department of Chemistry, University of lllinois—Urbana—Champaign, Urbana,
lllinois 61801

Abstract

A sequential reaction methodology is employed for the complete derivatization of protein thiols,
amines, and acids in high purity under denaturing conditions. Following standard thiol alkylation,
protein amines are modified via reductive methylation with formaldehyde and pyridine-borane.
Protein acids are subsequently amidated under buffered conditions in DMSO using the coupling
reagent (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate. The
generality of the approach is demonstrated with four proteins and with several amines yielding near-
quantitative transformations as characterized by high-resolution Fourier transform mass
spectrometry. The developed approach has numerous implications for protein characterization and
general protein chemistry. Applications in mass spectrometry (MS) based proteomics of intact
proteins (top-down MS) are explored, including the addition of stable isotopes for relative
quantitation and protein identification through functional group counting. The methodology can be
used for altering the physical and chemical properties of proteins, as demonstrated with amidation
to modify protein isoelectric point and through derivatization with quaternary amines. Additionally,
the chemistry has applications in the semisynthesis of mono-disperse polymers based on protein
scaffolds. We prepare proteins modified with azides and alkynes to enable further functionalization
via copper(l)-catalyzed 1,3-dipolar Huisgen cycloaddition (“click”) chemistry.

The reduction and alkylation of protein thiols is common practice for mass spectrometry (MS)
analysis of both whole proteins and peptides. Complete chemical modification of other
functional groups, such as amines and acids, has been limited to peptides.ll2 There is an
extensive prior history in the chemical modification of proteins at several functional groups.
3 However, these modifications typically do not produce homogeneous products and are
therefore not useful for several applications, particularly for the analytical characterization of
proteins. The completion of several transformations on a highly functionalized scaffold in high
purity represents a unique synthetic challenge. Side reactions and incomplete modifications
are quickly compounded on the whole protein scale and can create significant, artifactual
heterogeneity. For a modification that does not proceed fully at n sites in a protein, there are
2" — 1 possible reaction products.4 For example, variable amine labeling for a protein with 10
amines can produce 1023 possible products. Additional complications arise from side reactions
at nontargeted sites, which are difficult to predict.
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While the global chemical modification of functional groups other than thiols has been limited
to peptides for MS proteomic analysis, full modification of both protein amines and acids has
been investigated for other purposes. Full dimethylation of amines by reductive alkylation has
been accomplished for probing protein structure function relationships, incorporation of
radioisotopes, or altering the crystallization properties of proteins.5_7 Complete acylation of
protein amines has been used as an approach for the synthesis of monodisperse polymers based
on protein scaffolds.8 Global modification of protein acids to amides using water-soluble
carbodiimides has been used for determining the number of carboxyl groups within a protein
using hydrolytic amino acid analysis.gl10 These amine and acid modifications have been
accomplished on several proteins in reasonable purity, as assessed either by hydrolytic amino
acid analysis or by capillary electrophoresis. To our knowledge, characterization of fully amine
or acid-labeled, intact proteins by MS has not been investigated thoroughly.

In proteomic applications, the global chemical modification of protein thiol, amine, or acid
functional groups has been generally implemented either for improving peptides or proteins
as MS analytes or for incorporating labels for relative quamtitation.2 The reduction and
alkylation of protein thiols greatly facilitates MS analysis of both peptides and proteins.
Removal of disulfide cross-links facilitates MS/MS sequencing and prevents the formation of
random dimers upon thiol oxidation. In whole proteins, the removal of these cross-links enables
the unfolding of protein structure. Electrospray ionization (ESI)-MS of unfolded proteins
produces greatly increased signal intensity (up to 2 orders of magnitude) compared to folded
proteins and also generates more highly charged ions at lower m/z ratios, which are generally
considered more favorable for MS/MS fragmentation.ll’12 Several additional chemical
modifications applied to amine and acid functional groups have been utilized to improve
peptide MS analysis. Guanidination of amine groups has been employed for the improvement
of signal intensity in MALDI-MS analysis.13 Amine acylation with hydrophobic groups14 or
hydrophobic groups with fixed charges15 has shown dramatic improvements in the signal
intensity of peptides. Amine dimethylation via reductive alkylation has been used to improve
MS/MS fragmentation of peptides for de novo sequencing by enhancement of a; ions in
collisonally activated dissociation (CAD).16 The modification of peptide acids by
esterification or amidation has been shown to improve MS/MS fragmentation spectra by
limiting preferential cleavage at these residues.1/+18 Additionally, esterifiedgpeptides have
also demonstrated decreased tendencies to form adducts with alkali metals.’

These chemical modifications have also been utilized in postgrowth covalent labeling strategies
with peptides for the incorporation of stable isotope labels to determine relative differences in
protein abundance. These approaches were popularized by the isotope-coded affinity tag for
labeling protein thiols developed by Aebersold and co-workers.20 Briefly, the method involves
comparison of two or more samples that are labeled with different forms of a labeling reagent
containing the same molecular formula yet differing in mass due to substitution of stable
isotopes (typically 2H for 1H, 15N for 24N, or 13C for 12C).1 After mixing the samples, analysis
by liquid chromatography—mass spectrometry (LC-MS) indicates relative protein ratios by
comparison of the ion current observed for each of the species in the pair. Several methods
have been developed for stable isotope coding by labeling peptide amines.2L In addition to the
acyl, alkyl, and guanidium groups mentioned above, amines have been modified by 2,4-
dinitro-1-fluorobenzene?2 and isocyanate523 for relative quantitation. Isotope coding through
carboxyl groups on peptides has been achieved in several studies through esterification or

by 180 incorporation during proteolysis.

The “top-down” approach to proteomics is focused largely on the direct characterization of
intact proteins utilizing ESI and high-performance Fourier transform mass spectrometry
(FTMS).24 This approach is in contrast to more typical “bottom-up” proteomic methods
wherein proteins are characterized based on the analysis of their peptides obtained from
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proteolytic digests. While peptide analysis has been enormously useful and successful, the
development of better methods to facilitate top-down proteomics is a highly desirable goal due
to several inherent advantages.25 MS analysis of intact proteins can provide 100% sequence
coverage, while bottom-up MS typically achieves only 40-90%.26 Precise measurement of an
intact molecular weight contributes significantly to complete characterization of a protein. Top-
down analysis avoids increases in sample complexity generated by digestion. In addition, top-
down methods are beneficial for analysis of proteins with diverse post-translational
modifications (PTMS), as increases in sequence coverage aid in identifying and localizing
modifications.2” Top-down MS is particularly useful when proteins harbor multiple PTMs, as
their combinations can be determined at the intact protein level. Recent work on histones28
exemplifies several of the advantages of the top-down approach, but many proteins are not as
well behaved during chromatography and ESI-MS.

Here, we describe a sequential approach for the modification of three functional groups on
intact proteins in denatured form (Scheme 1). Reduction and alkylation of thiols, reductive
methylation of amines, and amidation of acids are carried out in excellent purity on whole
proteins, as characterized by ESI-FTMS. The chemistry developed herein has broad
implications for the characterization of proteins by mass spectrometry and for general
applications in protein chemistry.

EXPERIMENTAL SECTION

Materials

Synthetic reagents were obtained from Aldrich Chemical (Milwaukee, WI) unless specified
otherwise. D, form-aldehyde was purchased from Cambridge Isotope Laboratories (Andover,
MA\). (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP)
was purchased from Applied Biosystems (Foster City, CA). 3-Azidopropylamine was prepared
as previously described.29 (4-Aminobutyl)trimethylammonium dichloride was prepared as
described below. D3 glycine methyl ester was prepared as previously described.30 Proton
nuclear magnetic resonance (*H NMR) spectra were recorded at 300 MHz using a Bruker AC
+ 300 spectrometer. High-resolution electrospray ionization mass spectra (HRESI-MS) for
small molecules were obtained on a Micromass LCT. The four standard proteins (bovine
ubiquitin, equine myoglobin (EC 309-705-0), bovine ribonuclease A (EC 3.1.27.5), and
chicken lysozyme (EC 3.2.1.17)) were obtained from Sigma (St. Louis, MO). Prior to use, the
heme from myoglobin was removed as previously described.31 Ribonuclease A (RNase A)
was purified on a 5-mL HiTrap SPHP cation-exchange column (GE Healthcare) to remove
additional protein contaminants on a AKTA FPLC system (GE Healthcare). Protein was
applied to the column in 50 mM sodium acetate buffer pH 5.0 and eluted with a linear gradient
of sodium chloride. Reversed-phase HPLC was conducted on a YMC C18 ODS-A 100 x 10
mm column on a Beckman Coulter System Gold HPLC.

General Protein Modification Procedures

(1)Thiol Alkylation—Proteins were dissolved in 60 mM NH4HCO3 buffer with 6 M
guanidine-HCl and 20 mM DTT at 5 mg/mL protein concentration. Protein thiols were reduced
at 37 °C for 1 h. Reactions were diluted to 2.5 mg/mL with 60 mM NH4HCO3, 6 M guanidine-
HCI buffer and made to 25 mM iodoacetamide. Reactions were allowed to proceed at room
temperature for 1.5 h in the dark.

(2) Amine Reductive Methylation—Thiol-alkylated protein or protein lacking thiols was
dissolved in 300 mM triethanolamine buffer pH 7.5 with 6 mM guanidine-HCl at 1.25 mg/mL.
Reactions were diluted to 1 mg/mL with methanol. Pyridine—-BH3 (8 M in excess pyridine)

was added to 30 mM. Last, formaldehyde was added to 20 mM. Reactions were then sonicated
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briefly in a water bath (~1 min) to suspend pyridine—-BH3 and allowed to react at room
temperature for 2 h.

(3) Amine Acylation—Amine acylation was performed with the difluorophenol ester of 4-
(trimethylamino)-3-butyric acid (compound 1). Acylation was performed on ubiquitin (0.5 mg)
dissolved in 300 mM HEPES buffer pH 8.0 with 6 M guanidine-HCI (0.25 mL). The active
ester (9.6 mg, 25 umol) was added and allowed to react overnight at room temperature. Protein
was washed with 6 M guanidine-HCl in H,O (3 mL) ina 5K MWCO Amicon Ultra centrifugal
filter device (Millipore) in 500-uL portions and then concentrated to 2 mg/mL. An equal
volume of 200 mM LiOH in 6 M guanidine-HCI pH 12.5 was added to hydrolyze esters at 5
°C for 3 h.

(4) Acid Amidation—Thiol-alkylated (if thiols present), amine-methylated protein was
dissolved in wet DMSO (~5% H»0) to an approximate concentration of 1.5 mg/mL. Proteins
were heated slightly (~50 °C) and sonicated if necessary to dissolve. The solution was then
made to 1 M glycine methyl ester HCI salt and 750 mM N-methylmorpholine (NMM). Last,
PyAOP was added to 40 mM. Reactions were allowed to proceed at room temperature for 2 h
and were then quenched with the addition of an equal volume of H,O. Reactions with other
amines used slight modifications of the above conditions. Couplings with benzylamine and 3-
azidopropylamine employed 1 M amine HCI and 500 mM NMM. Couplings with propargyl
amine employed 500 mM amine HCI and 250 mM NMM. Couplings to (4-aminobutyl)
trimethylammonium employed 500 mM amine diHCI and 350 mM NMM. Also reactions with
the fixed charge amine used 60 mM PyAOP and required an additional 10% H»O to solubilize
the amine salt.

(5) Reaction Purification—To reduce adverse effects from previous reaction components,
proteins were purified and desalted by HPLC on a reversed-phase column between reaction
steps. Similar results were obtained when protein was purified by ethanol or acetone
precipitation, but recovery of protein was significantly lower. In the cases where reaction
contaminants, such as tris-(pyrrolidino)phosphine oxide, coeluted with protein peaks on HPLC,
proteins were first purified by washing with excess buffer in a 5K MWCO Amicon Ultra
centrifugal filter device (Millipore, Billerica, MA) and subsequently desalted by HPLC.
Proteins were eluted with a gradient of H,O with 0.05% trifluoroacetic acid (TFA) (as solvent
A) and acetonitrile with 0.05% TFA (as solvent B) as follows: 15% B for 3 min, 15-95% B
over 24 min, and 95% B for 3 min. Protein peaks were collected and then lyophilized. Care
was taken to collect the entirety of the protein-containing peak. In the optimization of reaction
conditions, we found protein side products such as protein with missed labeling events were
not resolved from desired products using this gradient. Proteins modified with glycine methyl
ester were handled carefully to minimize exposure to acidic, aqueous conditions to prevent
ester hydrolysis.

Mass Spectrometric Analysis of Proteins

Lyophilized protein was dissolved in 49.5/49.5/1% water/methanol/formic acid. Mass spectra
of proteins were obtained by direct injection on an 8.5-T custom quadrupole FTMS with an
ESI Advion Nanomate source or for the acylated ubitiquitin sample on a 12-T LTQ FT Ultra
Hybrid mass spectrometer (constructed in collaboration with Thermo Scientific). Fragmention
analysis was performed using the program ProSight PTM (https://prosightpt-m.scs.uiuc.edu)
using single protein mode. Analysis of the yeast proteome database was performed with the
UniProt Saccharomyces cerevisiae yeast protein database (http://www.pir.uniprot.org/), which
was expanded to include the possible presence or absence of N-terminal methionine or
acetylation of each protein.
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Synthesis of (4-Aminobutyl)trimethylammonium dichloride

Boc-anhydride (4.13 g, 18.9 mmol) was added in dry CH,-Cl, to N1,N1-dimethylbutane-1,4-
diamine (2.0 g, 17.2 mmol) (Karl Industries, Aurora, OH) in CH,Cl,. The mixture was allowed
to stir and reduce under N, overnight. Resulting oil was dissolved in ethyl acetate and extracted
against saturated NaHCOg, dried over MgSQy, and evaporated under reduced pressure.
Without further purification, a portion of the resulting oil (1 g, 4.62 mmol) was dissolved in
methanol (200 mL) and methyl iodide (1.4 mL, 23 mmol) was added dropwise. The reaction
was allowed to continue overnight, and then solvent was removed under reduced pressure. The
resulting thick oil was then triturated extensively in diethyl ether. Solid material was then
dissolved in dry MeOH and added to a premixed solution of 20 mL of MeOH and 2 mL of
acetyl chloride. This was allowed to stir and reduce under N, overnight. Material was
resuspended in MeOH and evaporated under reduced pressure to dryness. Solid was then
triturated in acetonitrile to remove imfurities. Yield (as the di CI™ salt): 87%. Spectra matched
a previous report of the compound.3

Synthesis of [3-(2,6-Difluorophenoxycarbonyl)propyl]-trimethylammonium iodide

4-(Dimethylamino)-3-butyric acid HCI (0.5 g, 3.0 mmol) was added to difluorophenol (0.38
g, 3.0 mmol) and dicyclohexylcarbodiimide (0.68 g, 3.3 mmol) in DMF and allowed to react
overnight under N,. The formed precipitate of dicyclohexylurea was filtered from the mixture
and washed with dry acetonitrile. Solvent was removed from the collected filtrate, which was
then resuspended in acetonitrile. KHCO3 (1.5 g, 16.5 mmol) and CH3l (0.94 mL, 16.5 mmol)
were added and allowed to react overnight with stirring. Product was recovered by precipitation
with ether and triturated with 2-propanol to remove impurities to give the final compound 1.
Yield (as the 1~ salt) 60%. 1H NMR (ACN-ds3, 300 MHz) ¢ 7.33 (m, 1H), 7.13 (m, 2H), 3.42
(m, 2H), 3.11 (s, 9H), 2.83 (t, 2H), 1.95 (m, 2H). MS (HRESI-MS) calculated for
[C13H18F2NO5+] 258.1300, found 258.1310.

RESULTS AND DISCUSSION

Amine Modification

To preserve the charge properties important for MS detection in positive mode, efforts were
initially focused on reductive methylation rather than acylation. Using modifications of a
previously published procedure,33 the methylation of protein amines was accomplished using
20 mM formaldehyde and 30 mM pyridine-borane in 6 M guanidine-HCI, 20% MeOH, 300
mM triethanolamine buffer at pH 7.5, which produced fully modified proteins in excellent
purity. The labeling of four proteins was demonstrated: ubiquitin (8.6 kDa, 8 amines, 0 thiols),
myoglobin (16.9 kDa, 20 amines, 0 thiols), thiol-alkylated RNaseA (14.1 kDa, 11 amines),
and thiol-alkylated lysozyme (14.8 kDa, 7 amines). Figure 1 shows ESI-FTMS spectra of
modified ubiquitin and myoglobin showing a minimal reduction in purity. It was found that
reactions with the more commonly used reducing agents NaBH3CN or NaBH,4 produced
protein products of poor purity. Various side reactions from reductive alkylations with
NaBH3CN are known34 and have recently been well characterized in the modification of
several peptides.35

Additional chemistry that has been applied to peptides was briefly explored to enable
alternative approaches to the modification of protein amines with preservation of positive
charge. Amine guanidination with O-methylisourea has been used extensively in peptide
modification.13 McLuckey and co-workers prepared a fully guanidinated ubiquitin for
studying the effects of protein mobility on protein fragmentation.36 However, their
modification was incomplete, and fully modified protein was obtained only after HPLC
purification from the mixture. Similarly, we were unable to develop conditions for complete
conversion of proteins using O-methylisourea.
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As another alternative, the modification of amines with acyl groups bearing fixed charge
amines was investigated, which has been successfully applied in the modification of peptides.
37 An activated ester containing a quaternary ammonium (compound 1+ Figure 2A) was

prepared for the acylation of protein amines. Complete amine acylation of ubiquitin was
accomplished with 100 mM 1 in 300 mM HEPES buffer with 6 M guanidine-HCI at pH 8.0.
Removal of O-acylations by treatment with 100 mM LiOH at pH 12.5 was required to yield
pure product. Figure 2B shows the ESI-MS spectrum of fully acylated ubiquitin. Unfortunately,
these modified protein products were found to be poor substrates for subsequent acid
modification reactions. Also, the highly basic hydrolysis conditions required may interfere
with some post-translational modifications, partlcularly Bhosphorylations and O-linked sugars,
which can eliminate to form reactive electrophlles It was anticipated that the use of the
mildly activating difluorophenol ester might enable selectlve N-acylation. Reducing the
reaction pH to 7.5 or using fewer equivalents of acylating reagent was also unable to prevent
acylation of protein alcohols. Therefore, the application of this chemistry was not explored
further.

Acid Modification

In our hands, previously published procedures for protein acid amidation in water with
carbodiimides using natlve or amine-methylated ubiquitin did not yield products with suitable
purity for MS analy5|5 10 oyr approach for high-purity protein acid amidation relies on prior
thiol and amine alkyation with subsequent amidation reactions performed in DMSO. Labeling
conditions employed the coupling agent PyAOP40 at 40 mM in wet DMSO (~5% H,0) with
1 M amine HCI and 750 mM N-methylmorpholine. These weakly basic, buffered conditions
and the use of PyAOP as a coupling reagent were found to be critical for clean reaction
conversions. The use of more strongly basic conditions resulted in incomplete modification
and losses of ~18 Da in mass, presumably due to intramolecular couplings to protein alcohols
forming esters. The active 1-hydroxy-7-azabenzotriazole (HOAL) esters formed in PyAOP
couplings have been shown to promote sterically difficult couplings and coupling under weakly
basic conditions.#1:42 This promotion in reactivity is thought to occur through neighboring
group coordination or deprotonation of the incoming amine by the pyridine nitrogen of HOAt
during aminolysis of the activated ester.

The developed chemistry using glycine methyl ester was applied to four modified proteins:
methylated ubiquitin (8.8 kDa, 12 acids), methylated myoglobin (17.5 kDa, 22 acids), thiol-
alkylated, methylated RNaseA (14.5 kDa, 11 acids), and thiol-alkylated, methylated lysozyme
(15.0 kDa, 10 acids). The reduction in purity of these highly modified proteins was generally
minimal, as determined by ESI-FTMS (Figure 3). To further demonstrate the generality of
labeling, thiol-alkylated, methylated lysozyme was amidated with four additional amines: (4-
aminobutyl)trimethylammonium, benzylamine, propargylamine, and 3-azidopropylamine
(Figure 4), using slight modifications of the procedure used for glycine methyl ester. The
concentration of protonated amine and the relative ratio to the N-methylmorpholine base
required empirical optimization for each amine to ensure complete conversions in high purity.
We found that amidation with propargyl amine most consistently produced clean modifications
(Figure S3).

These acid labeling conditions should be generally applicable toward the modification of any
protein. While there are few reports of protein solubility in nonaqueous solvents, DMSO is
known to denature proteins, 43 and protelns that have been assessed have shown excellent
solubility (>0.5mg/mL) in pure DMSO.4 Addltlonally these conditions should be tolerant
to post-translational modifications, such as phorphorylation.

Esterification was additionally considered for the modification of carboxyl groups on intact
proteins, as esterification of peptides can be accomplished efficiently in anhydrous, acidic
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methanol or ethanol.. However, these procedures were not applicable to intact proteins,
primarily due to solubility. While some small proteins show good solubility in methanol,
generally protelns are quite poorly soluble, even if they are previously denatured, reduced, and
thiol alkylated S Thus, efforts were focused on acid amidation.

Potential Applications in MS Analysis

Modifying protein functional groups offers several possibilities for improving whole proteins
as MS analytes in complex mixtures. Proteins with few basic residues, poor solubility, or very
stable tertiary structures are difficult targets for MS. 46 The extreme variability of protein
physical properties makes chromatography prior to MS challenging and often results in large
losses of certain proteins.47 Significant improvements in chromatography of intact proteins
will be required to address the large range of protein abundances in cells (~10° in Escherichia
coli, ~10% i |n humans), which exceeds the dynamic range of mass spectrometers (typically
~103 04) Substantial modification of protein isoelectric point (via acid amidation) or the
addition of certain functionalities (such as fixed charges or additional basic groups) may
improve the solubility and chromatography of proteins. Also, amidation with fixed charge or
additional basic moieties offers the possibility of increasing the charging of proteins (Figures
4A and S4, Supporting Information), which can have benefits in facilitating MS analysis.48
Importantly, we found that neither amine methylation nor acid amidation interferes with
common MS/MS fragmentation techniques (Figures S7-S9, Supporting Information).
Modified proteins fragmented by CAD, electron capture dissociation, and infrared multiphoton
dissociation produced fragmentation spectra typical for these methods.

This labeling methodology can be used to incorporate stable isotopes for quantitative
proteomics studies with intact proteins (Figure 5) and should also be applicable to peptides
and metabolites. Postgrowth labeling technlq es that incorporate stable isotopes can be limited
by cost, reaction selectivity, and efficiency.* The reactions outlined here provide an efficient
means for addition of stable isotopes to common functional groups (amines and acids).
Deuterated and 13C formaldehyde are readily available and economical for amine methylation.
The generality of the acid modification reaction could allow for several commercially available
amines to be employed for isotope coding. Differential labeling of whole proteins at common
functional groups is advantageous in that labeling reagents with small mass differences can be
employed and the isotopic peaks of protein pairs can still be resolved. Labeling at rare
functional groups such as thiols not only excludes the analysis of proteins without thiols but
also requires the potentially expensive synthesis of labeling reagents with large mass
differences. In the previous work of Du et al. in comparing expression ratios of intact proteins
by postgrowth labeling, a fairly large mass difference was achieved conveniently through
differential alkylatlon of protein thiols with either acrylamide or iodoacetamide (14-Da
dlfference/re5|due) However, the different labels produced significant differences in
retention time on reversed-phase chromatography, indicating that stable isotope labels would
be required.

Mixed isotope reagents can also be employed to determine the number of functional groups
present in a protein. This information, together with intact mass measurement, can be used as
a search criterion to uniquely identify a protein from protein databases or genomic data. Figure
5 demonstrates use of this chemistry for the counting of protein amines and acids via isotopic
labeling. This approach for protein identification was first investigated by Smith and co-
Workers with the incorporation of isotopically labeled leucine into proteins in auxotrophic E.
coli.® Slmllarly, gas-phase ion chemistry has been used to determine the number of acidic or
basic sites ingegtides and proteins through adduct formation with sodium or iodine ions,
respectively. Recently, Du et al. explored this approach with post-growth labeling of
protein thiols.49 The additional counting of amines and acids by postgrowth labeling could
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significantly improve this approach by lowering the required mass accuracy and increasing the
confidence of protein identification. An analysis of the yeast proteome database determined
that >95% confidence can be obtained in protein identification using intact mass and the
number of thiols, amines, and acids as search constraints for proteins <50 kDa at 200 ppm mass
accuracy (Figure 6B). This is a significant improvement over the counting of thiol groups alone
(Figure 6A). The improved certainty could make functional group counting a viable approach
for proteomic experiments and indicates that the approach may be applicable with proteomes
more complex than yeast. The low mass accuracy required could enable this approach to be
performed with widely available, low-resolution mass spectrometers. Additional plots with
other functional group combinations are available in the Supporting Information (Figures S5
and S6). The main benefit of the technique would potentially be the increases in throughput
attainable over MS/MS fragmentation approaches for protein identification. The time required
to conduct MS/MS fragmentation of intact proteins poses limitations for their on-line analysis.
Protein identification through functional group counting would require only intact mass
determination after labeling. On-line capillary electrophoresis-MS and LC-MS have been used
on-line successfully in the detection of intact masses.

Monodisperse Polymers

Additionally, this chemistry could be useful in the preparation of monodisperse polymers from
protein scaffolds. As monodisperse polymers are difficult to prepare by conventional synthetic
methods, semisynthetic strategies starting with a monodisperse scaffold, such as a protein, have
been applied to synthesize these polymers. Derivatized protein polymers have been used as
biological tools (e.g., polyvalent ligand displays53) and as building blocks for novel materials.
54 \We have prepared proteins modified with alkynes or azides (Figure 4C and D), which
represent potentially useful scaffolds for additional functionalization through the
bioorthogonal copper(l)-catalyzed 1,3-dipolar Huisgen cycloaddition or “click” chemistry.
55,56 our modification approach allows for proteins to retain their positive charges, which
may be advantageous for some applications. For example, positively charged protein polymers
may show utility for use inside cells since many highly positively charged proteins and peptides
have demonstrated the ability to enter cells.>7,98

CONCLUSIONS

Thiol reduction and alkylation so greatly improves proteins as MS analytes that this
modification is likely to remain part of MS characterization for some time to come. Additional
functional group modifications offer additional, significant benefits for analysis and would
greatly aid MS top-down proteomics. Until now, no one has achieved the clean reaction
conversions necessary to minimize added complexity. We have developed efficient reaction
conditions for the reductive methylation of protein amines and the amidation of protein acids.
These conditions were employed for the sequential modification of thiols, amines, and acids
on denatured, intact proteins. These modifications may facilitate the purification and analysis
of whole proteins and should find application in proteomics and protein-based polymer
synthesis. Further investigation will develop the approach for larger proteins and proteomic
mixtures.
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Figure 1.
ESI-FTMS spectra of amine methylated proteins (A) ubiquitin, (B) myoglobin, (C) RNase A,
and (D) lysozyme.
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(A) Active ester of 4-(trimethylamino)-3-butyric acid prepared for acylation of protein amines.

(B) ESI-FTMS of ubiquitin acylated with compound 1.
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920 925 930 935
miz

ESI-FTMS spectra of thiol alkylated (with iodoacetamide, if thiol present), amine methylated,
acid amidated (with glycine methyl ester) proteins (A) ubiquitin, (B) myoglobin, (C) RNase

A, and (D) lysozyme.
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ESI-FTMS spectra of thiol alkylated (iodoacetamide), amine methylated, acid amidated
lysozyme. The acid amidation used four separate amines, as indicated (A-D).
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Figure 5.

Relative quantitation of two protein samples and determination of protein amines and acids.
(A) Mass spectrum of 15+ ions of 1:1 mixture of thiol-alkylated lysozyme methylated with
either Dy or D, formaldehyde. (B) Mass spectrum of 16+ ions of 1:1 mixure of thiol-alkyated,
methylated lysozyme amidated with either Dg or D3 glycine methyl ester.
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Percentage of unique proteins in the yeast proteome as a function of accuracy of the mass
determination and the number of thiol (A) or thiol, amine, and acid (B) functional groups.
Percent uniqueness was calculated from the number of proteins with unique numbers of
functional groups within a certain mass accuracy (50, 100, or 200 ppm) divided by the total
number of proteins within a 1000 Da mass window from 5 to 50 kDa in the yeast proteome.
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